] in astrocytes. We conclude that ephrinA-EphA signaling is a pluripotent regulator of neuronastrocyte interactions mediating rapid structural and functional plasticity.
Introduction
Dynamic alterations in the physiological function, protein expression, and morphology of synapses in response to experience and internal neuromodulatory chemical signals are likely to underlie developmental maturation, sexual differentiation, and memory formation. Likewise, dysregulation of synaptic structure and function are likely to contribute to many CNS diseases and mental abnormalities.
Although presynaptic nerve terminals and postsynaptic specializations have received the most attention, there is increasing awareness of the contributions of glial cells, particularly astrocytes, to synaptic function (Haydon, 2001) . Many CNS synapses are ensheathed with astrocytic processes (Ventura and Harris, 1999; Newman, 2003) , which are thought to limit diffusion of neurotransmitters to adjacent synapses by virtue of their high level of expression of glutamate transporters (Tanaka et al., 1997; Cholet et al., 2002; Huang and Bergles, 2004; Marcaggi and Attwell, 2004) . These astrocytic processes respond to neurotransmitters with changes in both membrane potential and intracellular Ca 2ϩ concentration (Perea and Araque, 2005) . Astrocytic processes also release neurotransmitter precursors that are taken up by neurons (Hertz and Zielke, 2004) , as well as neurotransmitters that elicit electrical responses and intracellular Ca 2ϩ release in neurons (Araque et al., 2001; Fellin et al., 2004) . Recent evidence in vivo and in vitro has demonstrated the importance of this anatomical juxtaposition of astrocytes and synapses (Haber et al., 2006; Nishida and Okabe, 2007) . Interestingly, astrocytes can vary the extent and complexity of their processes under a variety of conditions, including neuroendocrine cycles (GarciaSegura et al., 1994) , development (Mong et al., 1999) , or injury (Pekny and Nilsson, 2005) . These changes are relatively slow, occurring over many hours to days. The chemical cues that induce these changes in astrocyte morphology are incompletely understood.
The ephrins (Ephs) are important intercellular signaling molecules that have been shown recently to affect postsynaptic neuronal structure (Murai et al., 2003; Nishida and Okabe, 2007) . Ephrins are ligands for Eph receptor tyrosine kinases. Ephrins and their receptors are classified into two main families: the ephrinA (EphA) family (ephrinA1-A6), which acts preferentially at EphA receptors (EphARs) (EphA1-A9), and the ephrinB (EphB) family (ephrinB1-B3), which acts preferentially at EphB receptors (EphBRs) (EphB1-B6) (Flanagan and Vanderhaeghen, 1998; Murai et al., 2003) . The ephrinAs are attached to the extracellular surface of membranes via a glycosylphosphatidylinositol (GPI) anchor (Yamaguchi and Pasquale, 2004) . EphARs are highly expressed in brain, particularly in the hippocampus (Murai et al., 2003) . The EphA4R is present on postsynaptic dendritic spines, and ephrinA3, a ligand for the EphA4R, is concentrated on astrocytic processes surrounding the synapse (Martone et al., 1997; Murai et al., 2003) . Activation of neuronal EphA4Rs induces a retraction and shrinkage of dendritic spines, decreasing dendritic spine density after ϳ45 min (Murai et al., 2003; Nishida and Okabe, 2007) .
We report here rapid protrusion and retraction of thin, filopodia-like processes (having lengths of 2-5 m) from thin branches of enhanced green fluorescent protein (GFP)-transfected astrocytes in cultured rat hippocampal brain slices. These small, filopodial-like astrocytic processes are part of the tripartite glial-neuronal interaction at the synapse (Ventura and Harris, 1999; Cholet et al., 2002) . This process outgrowth and extension from astrocytes was stimulated rapidly by exogenous and endogenous ephrinA and was dependent on glial EphARs. EphrinA simultaneously inhibited spontaneous intracellular Ca 2ϩ oscillations in glia and release of glutamate from glial cells. We therefore suggest that ephrinA-EphAR signaling is an important regulator of tripartite synaptic structure and function.
Materials and Methods
Slice culture preparation. Hippocampal slice cultures were prepared from postnatal day 6 (P6) rats or transgenic mice expressing GFP under the control of the promoter for the glial protein S100B (Zuo et al., 2004) , using the roller tube technique (Gähwiler et al., 1998) as approved by The University of Maryland, School of Medicine Institutional Animal Care and Use Committee (IACUC). In brief, slices were cut on a tissue chopper at a thickness of 400 m, attached to glass coverslips in a chicken plasma clot, placed in sealed test tubes with serum-containing medium, and placed in a slowly rotating roller drum in a dry-air incubator at 36°C. The culture medium consisted of 25% horse serum, 25% HBSS, and 50% basal medium Eagle. Cultures were allowed to mature for 12-14 d in vitro (DIV) before performing any experiments.
Biolistic transfection. Astrocytes in the cultures were transfected using the biolistic gene gun method (Helios; Bio-Rad, Hercules, CA) (McAllister, 2000) . Gold pellets (1.0 m diameter) were coated with spermidine and then placed in a solution of 25 g/l plasmid DNA for enhanced GFP. The DNA was then precipitated onto the particles by adding 1 M CaCl 2 . The coated pellets were attached to the walls of the cartridges with a solution of 3.75 ng polyvinylpyrollidone/ml ethanol. To transfect the slice cultures, each slice was placed in a small volume of solution containing 40 M AP-5, 40 M 6,7-dinitroquinoxaline-2,3-dione (DNQX), and 10 mM Mg 2ϩ to block synaptic transmission and reduce excitotoxicity. Cultures were transfected by shooting at a distance of 2 cm with a pressure of 200 psi through a nylon mesh (90 m 2 pore size). After transfection, slices were returned to roller tubes and placed in the incubator for 48 -72 h.
Immunocytochemistry. Slice cultures and astrocyte cultures were fixed in 4% paraformaldehyde for 24 h at 4°C, rinsed in 0.1 M PBS, and preincubated for 5-10 h in a blocking solution containing 0.1 M PBS, 0.4% Triton X-100, 2% goat serum, and bovine serum albumin (BSA). Slices were then incubated for 24 h at 4°C in either anti-glial fibrillary acidic protein (GFAP) (monoclonal IgG; Sigma, St. Louis, MO) at 1:400 or polyclonal anti-EphA4 (Zymed Laboratories, San Francisco, CA) (Martone et al., 1997) at 6 M in the preincubation solution. For anti-GFAP, slices were washed and then incubated with biotinylated goat anti-mouse secondary antibody (1:200; 5 h), followed by avidin-conjugated Texas Red (Invitrogen, Carlsbad, CA) (1:200; 6 min). For anti-EphA4, slices were washed and then incubated in Alexa 568-conjugated goat antirabbit secondary (Invitrogen; 1:200, (3) (4) (5) (6) (7) (8) . Slices were then washed overnight at 4°C and mounted on standard microscope slides. Treatment of cultures using the identical procedures, but without exposure to a primary antibody, resulted in only low levels of uniform, background staining (data not shown).
Time-lapse microscopy. Forty-eight to 72 h after transfection, slices were placed in a low volume (1.5 ml) recording chamber filled with standard control saline containing the following (in mM): 145 NaCl, 1 NaHCO 3 , 10 HEPES (titrated to pH 7.4), 2 CaCl 2 , 2 MgCl 2 , 1 mg/L Phenol Red, and the antioxidant Trolox (0.2 mM, to reduce photo damage). Images were taken every minute for 90 min using a CCD camera (Orca ER; Hamamatsu, Shizuoka, Japan) and a 60ϫ water-immersion objective (1.0 numerical aperture) on an upright microscope (E600; Nikon, Tokyo, Japan) equipped with rhodamine or fluorescein filter sets. Ephrin constructs were added directly to the chamber, and perfusion was ceased. Images were collected using SimplePCI software (Compix, Sewickley, PA). Image integration times were set to allow the faint fluorescence in thin processes to be adequately captured. This often resulted in saturation of the image of the larger diameter processes from which they arose. Photobleaching was minimized by stopping down the field diaphragm and using short exposure times (Ͻ0.5 s per image). In some experiments, the recording chamber was heated to 35-37°C with a heated microscope slide (Cell Microcontrols, Norfolk, VA), as determined with a small thermister in the chamber.
Data analysis and statistics. Images were analyzed using SimplePCI software (Compix). For time-lapse images, filopodial processes were traced manually, and the length was computed automatically. Baseline process length was defined as the average length of the process before treatment. Friedman's two-way ANOVA was used to compute the difference of the mean normalized values at each time point from the baseline average for morphological data and for [Ca 2ϩ ] oscillations. Analysis of slow inward current (SIC) interevent intervals was performed for each cell by comparing the cumulative probability distributions before and 50 min after compound application using Kolmogorov-Smirnov test. All values are presented as mean Ϯ SEM.
Primary mouse hippocampal cocultures. Embryonic day 18 (E18) mice were harvested by cesarean section from anesthetized pregnant females (C57BL/6 strain; Charles River). The animal protocol was as approved by The University of Maryland, School of Medicine Institutional Animal Care and Use Committee. The hippocampus was isolated and dissociated by 10% (v/v) trypsin (Invitrogen, Bethesda, MD) digestion and trituration with a fire-polished Pasteur pipette. Cells (106 cells; 1000 cells/ mm 2 ) were plated onto 28 mm coverslips precoated with poly-L-lysine and laminin and placed into 35 mm tissue culture dishes. The cells were plated in Neurobasal medium supplemented with B27, 200 M glutamine, 100 U/ml penicillin and streptomycin, and 10% fetal calf serum (all from Invitrogen) and were maintained in a 5% CO 2 /95% air, humidified atmosphere at 37°C. A complete medium change was performed 1 d after plating the cells; 50% of the medium was changed every 3 d. Cultures were imaged at 7-10 DIV.
Calcium measurements. Primary mixed neuron/glial hippocampal cell cultures from mouse were preincubated with 2 M fluo-4 AM in normal medium for 30 min. Cells were then stimulated as indicated, and the change in fluo-4 emission at 505 nm in response to excitation at 488 nm was used as a measure of the change in the intracellular [Ca 2ϩ ]. Images were captured at the rate of one every 3 s, as described above. The fluorescence changes in specific regions of the cells were tracked by marking small (ϳ20 m 2 ) regions of interest over the cell bodies in adjacent astrocytes, and the mean fluorescence value in each region of interest was calculated.
Confocal microscopy. Images were taken on a Zeiss Axioscope 500 using a 40ϫ water-immersion lens. Excitation of GFP was achieved with an Argon laser at 50% power using the FITC configuration of Zeiss Axioscope LSM software and emitted light that was passed through a dichroic filter centered at 488 nm. Forty-eight to 72 h after transfection, the slices were placed in a low volume (1.5 ml) recording chamber filled with standard control saline containing the following (in mM): 145 NaCl, 3 KCl, 10 HEPES (titrated to pH 7.4), 2 CaCl 2 , 1 MgCl 2 , 10 glucose, Phenol Red (1 mg/L), and 0.2 mM Trolox. Image stacks were obtained through the Z dimension at an average interval of 0.50 m, and a maximal brightness projection was made from 20 -30 images.
Acutely isolated astrocytes. Hippocampal slices were prepared from adult Sprague Dawley rats and cells from stratum (str.) radiatum and lacunosum/moleculare were acutely isolated according to previously published methods (Zhou and Kimelberg, 2001 ). Slices were incubated for 1 h in 5% CO 2 /95%-bubbled artificial CSF (ACSF) containing the following (in mM): 124 NaCl, 25 NaHCO 3 , 5 N, N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, 15 glucose, 3 KCl, 1.3 MgSO 4 , and 2 CaCl 2 . After 1 h, a tissue wedge containing str. radiatum and lacunosum/moleculare of area CA1 was dissected from each slice under a microscope. The dissected tissue was then transferred to Ca 2ϩ -free saline containing the following (in mM): 145 NaCl, 3 KCl, 10 HEPES (titrated to pH 7.4), 1 MgCl 2 , 10 glucose, Phenol Red (1 mg/L), and 5% CO 2 /95% and incubated for 1 h. The dissected tissue was transferred to standard ACSF containing 0.24 mg/ml cysteine (Sigma) and 24 U/ml papain (Sigma) and incubated at room temperature for 30 min. Next, the sections were transferred to Ca 2ϩ -free saline and incubated for 1 h to stop the enzymatic action on the tissue. Finally, the tissue was triturated gently under the microscope using fire-polished glass pipettes. The triturated tissue was either harvested for PCR or pipetted onto poly-L-lysine-coated coverslips for immunocytochemistry.
PCR. PCR was performed on both acutely isolated adult rat astrocytes (see Fig. 5A ) and primary mouse cortical astrocyte cultures (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). Cortical astrocytes were prepared from C57BL/6 mouse embryos on day 18 or 19 using a modification of a published method (Kofuji and Newman, 2004) . In brief, the cerebral cortices were dissected, and cortical cells were mechanically dissociated and then plated onto poly-L-lysinecoated glass coverslips. Subconfluent cultures of GFAP-immunoreactive, flat protoplasmic, type I astrocytes were homogenized after 12 DIV using trizol to induce cell lysis. Total RNA was isolated and dissolved in RNasefree H 2 O and prepared for first-strand cDNA synthesis reactions. The first-strand synthesis was done using a standard kit (Invitrogen). In brief, isolated total RNA was combined with an annealing buffer and heated to 70°C. After annealing, reverse transcription (RT) and amplification was achieved by combining the total RNA with a buffer, reverse transcriptase, and an RNase inhibitor, as well as random hexamers then heating the mixture. cDNA was then combined with gene-specific primers for each Eph receptor as well as glyceraldehyde-3-phosphate dehydrogenase. Primers were based on the UniGene mouse database using proprietary sequences (SuperArray Bioscience, Frederick, MD) (supplemental Fig.  1 B, available at www.jneurosci.org as supplemental material). Primers, cDNA, and an RT-PCR master mix containing a fluorescent dye were combined and left in a thermocycler overnight. After the RT-PCRs occurred, each reaction was run on a 2% agarose gel at 115 V for ϳ30 min using 5 g/ml ethidium bromide and a 1 kb ladder. Gels were imaged using a Gel Doc XR System (Bio-Rad).
Immunoprecipitation. Organotypic hippocampal cultures were immersed in extracellular saline (see below) containing either 7.6 g/ml ephrinA3-Fc, 1 U/ml phosphatidylinositol-specific phospholipase C (PI-PLC) at room temperature, or 1 U/ml PI-PLC at 37°C. After incubation for 15-30 min, five cultures/treatment were homogenized in radioimmunoprecipitation assay (RIPA)/protein phosphatase inhibitor (PPI)/1% sodium deoxycholate (DOC) and incubated on ice for 30 min. RIPA/PPI buffer contained the following (in mM): 50 Tris-Cl, 150 NaCl, 1 EDTA, 1% Triton X-100, 0.2% ␤-mercaptoethanol, and 0.1% SDS at pH 7.5, with both protease (Sigma-P8340) and phosphatase (Sigma-P5726, P2850) inhibitors (1:100). The lysate was cleared, and one volume of RIPA/PPI was added to bring DOC to 0.5%. Polyclonal anti-EphA4R (10 l) (Zymed) was incubated with the lysate at 4°C overnight on a rotator. The EphA4R-antibody immunocomplex was precipitated with 50 l of prewashed and equilibrated Protein G Plus/Protein A (Calbiochem, La Jolla, CA) agarose beads for 1.5 h at 4°C. Finally, the beads were washed three times in RIPA/PPI/0.5% DOC, and the immunocomplex was eluted by boiling for 5 min in 2ϫ Laemli's buffer before loading onto the gel.
Western blot analysis. Samples were loaded into NuPage 4 -12% BisTris gels, run in 1ϫ NuPage 4-morpholinepropanesulfonic acid/SDS running buffer, and transferred onto polyvinylidene difluororide membrane in 1ϫ Nupage transfer buffer according to the manufacturer protocol (Invitrogen). The membrane was blocked overnight at 4°C with 3% BSA in buffer containing the following (in mM): 10 Tris-Cl, pH 8.0, 150 NaCl, and 0.05% Tween (TBST) and probed for 1 h with an HRPconjugated anti-phospho-tyrosine antibody (#610011; BD Biosciences, Franklin Lakes, NJ) at 1:2500 in blocking solution. The immunoblot was developed with enhanced chemiluminescence substrate (Pierce, Rockford, IL), and the signal was captured with the Kodak Image System 2000R. The membrane was then stripped in Restore Western Blot Stripping Buffer (Pierce), blocked in 3% milk/5% BSA/TBST, and incubated with the anti-EphA4R antibody (1:4000) overnight at 4°C. After rinsing, the membrane was blocked and incubated in an HRP-conjugated antirabbit antibody (1:2000) (Cell Signaling Technology). The immunoblot was developed and imaged as described above.
Electrophysiology. Cultures were placed in a recording chamber and perfused with extracellular saline containing the following (in mM): 145 NaCl, 10 NaHCO 3 , 10 HEPES (titrated to pH 7.4), 2 CaCl 2 , 2 MgCl 2 , and Phenol Red (1 mg/L). Postsynaptic CA1 pyramidal neurons were voltage clamped at Ϫ75 mV using standard whole-cell recording techniques. NMDA receptor (NMDAR)-mediated EPSCs were evoked using extracellular stimuli (0.2-0.7 mA for 100 s) delivered in str. radiatum at the border between areas CA3 and CA1 using a 2 M⍀ patch pipette filled with extracellular saline while the cells were voltage clamped at Ϫ50 mV. EPSCs were low-pass filtered at 2 kHz and digitized at 10 kHz using an Axopatch 200B amplifier and Clampex 9 software (Molecular Devices, Sunnyvale, CA). Patch pipettes were filled with the following (in mM): 130 gluconic acid, 10 KCl, 1 MgCl 2 , 2 ATP, 10 HEPES, 0.1 EGTA, Alexa 568 (for visual identification of patched neurons), and the solution was titrated to 7.4 with KOH. Recording pipette resistances were between 6.5 and 10 M⍀; recordings in which the access resistance exceeded 30 M⍀ were discarded.
Photolysis. An argon ion laser fitted with UV optics was used to produce a continuous 300 mW beam of UV light that was then launched into a quartz fiber and directed to the preparation via collimating lenses and a dichroic mirror, as described in detail previously (Bagal et al., 2005) . The duration of the laser pulse (32 ms) was controlled by a mechanical shutter (NM Laser Products, Sunnyvale, CA). An attenuated UV beam was used to target a well isolated dendritic process for focusing the light. Caged glutamate [N-(6-nitro-7-coumarylmethyl)-L-glutamate; 1 mM] was added directly to the bath after the laser was targeted, and recordings were obtained before and after drug application.
Drugs. Human ephrinA3-Fc, ephrinB1-Fc, and ephrinB2-Fc constructs and a control Fc fragment (R&D Systems, Minneapolis, MN) were suspended in 200 l of sterile-filtered PBS and added directly to the recording chamber. PI-PLC, from Bacillus cereus (Sigma), was suspended in Tris-buffered saline containing BSA at a concentration of 25 U/ml and added directly to the recording chamber. All other chemicals were obtained from Sigma (St. Louis, MO), except 3- [[(3,4- 
Results

Glial processes display rapid morphological dynamics
Brain slice cultures are well suited for the study of the structurefunction relationships of the synapse, because they offer the advantages of in vitro systems, including excellent optical properties, ease of transfection, and good control of the experimental conditions while preserving much of the organotypic cytoarchitecture of the intact tissue (Gähwiler, 1984; Gähwiler et al., 1997) . The hippocampus is an excellent structure, because neurons and glia attain a high degree of morphological maturity after Ͼ14 DIV (Frotscher and Gähwiler, 1988; McKinney et al., 1999) and because some of the properties of neuronal and glial ephrin signaling have been characterized (Murai et al., 2003; Nishida and Okabe, 2007) .
Neurons and glia were transfected biolistically with GFP to allow the morphology of living cells to be studied (Frotscher and Gähwiler, 1988) . Glia were readily distinguished from neurons, which have long (Ͼ200 m), highly branched axons with beaded varicosities and dendrites bearing large numbers of dendritic spines (McKinney et al., 1999) . Glia within the culture, in contrast, had small cell bodies (Ͻ15 m diameter) with numerous thick processes extending in all directions from the cell body for lengths of ϳ50 m (Fig. 1) (del Rio et al., 1991; Benediktsson et al., 2005) . Many more glia than neurons were typically trans-fected. The thick main glial processes were studded with fine (Ͻ1 m diameter) protrusions of up to 10 m in length resembling dendritic filopodia. Less frequently, lamellapodia-like processes were also observed. On average, there were 2 Ϯ 1 fine filopodial processes per micrometer of glial branch length, having a mean length of 3.5 Ϯ 2 m (range, 0.2-10.5 m; n ϭ 59 filopodia on six cells for both). Evidence is mounting that astrocytic filopodial processes are likely to represent the points of glial-neuronal interaction at and around the synapse (Ventura and Harris, 1999; Cholet et al., 2002; Murai et al., 2003) .
Glial cells comprise several distinct cell types with heterogeneous and partially overlapping morphologies (Kimelberg, 2004) . Astrocytes in vivo and in hippocampal slice cultures express constitutively high levels of GFAP and have morphologies similar to the cells we labeled (Eng et al., 2000; Benediktsson et al., 2005) . We therefore performed GFAP immunohistochemistry on slice cultures that had been transfected 48 h previously with GFP, using confocal microscopy to establish colocalization. In all cases (n ϭ 20 cells) (data not shown), GFP-transfected glial cells were found to be GFAP immunoreactive, protoplasmic astrocytes.
In agreement with recent observations (Benediktsson et al., 2005) , we observed two kinds of constitutive morphological changes in astrocytes in time-lapse image sequences lasting 30 -60 min. The most common were small changes in the shape of the distal ends of fine filopodial processes (Fig. 2 A) , resembling the "morphing" seen in dendritic spine heads (Fischer et al., 1998) . In addition, some new filopodial processes were extended from glial trunks, and some preexisting processes were retracted. On average, the process extension was equal to the process retraction, so that there was no net change in total process length during these image sequences. Finally, lamellapodial ruffling was also observed during baseline conditions (Fig. 2 B) , as reported previously (Benediktsson et al., 2005) .
Induction of astrocyte process outgrowth by ephrinA3
Activation of EphARs induces rapid changes in the size and number of dendritic spines on hippocampal pyramidal cells (Murai et al., 2003) . We asked whether activation of EphRs would also affect astrocytic processes. We applied protein constructs in which different ephrins have been fused to a human immunoglobulin Fc fragment, resulting in a soluble EphR ligand (Murai et al., 2003) . Images of GFP-expressing astrocytes in str. radiatum of area CA1 were collected each minute for a 30 min baseline period before addition of the ephrin constructs into the recording chamber at 7.6 g/ml.
Application of the EphAR ligand, ephrinA3-Fc, produced rapid and maintained outgrowth of astrocytic filopodia. The length of many preexisting filopodia more than doubled (average increase over baseline, 139.7 Ϯ 19%; n ϭ 6 cells) (Fig. 3 A, D) . EphrinA3-Fc also induced the outgrowth of new filopodia (average increase in the number of processes per unit length of thick process, 48.9 Ϯ 5%; n ϭ 6 cells) (Fig. 3 B, D) . Process growth was initiated within minutes of the addition of the EphAR ligand (Fig.  3D) , and the new and elongated processes persisted for Ͼ60 -90 min. There was no correlation (r ϭ Ϫ0.2; n ϭ 6 cells) between mean starting process length and percentage change in process length at 30 min.
This effect was specific for activation of EphARs. First, addi- tion of an equivalent volume of control saline (vehicle) to the recording chamber did not induce any significant net change in astrocytic filopodia (Fig. 3D , gray) (n ϭ 5). Second, a comparable ligand of EphBRs, ephrinB2-Fc, failed to induce significant changes in astrocytic processes at 7.6 g/ml (Fig. 3E ) or 11.44 g/ml (data not shown). Finally, ephrinB1-Fc (7.6 g/ml), a ligand that has been shown to bind to some EphARs, had no significant effect on the morphology of astrocytes (Fig. 3 D, E) . We next asked whether endogenous ephrins were able to induce the same morphological changes in astrocytic processes as the exogenous construct. EphrinAs are attached extracellularly to the plasma membrane via GPI anchors (Yamaguchi and Pasquale, 2004) . PI-PLC is a temperature-sensitive enzyme that cleaves extracellular GPI links and releases GPI-anchored proteins from the plasma membrane (Taguchi et al., 1980) . At 37°C, bath application of PI-PLC produced morphological changes in astrocytic cell processes that were identical to the effects of the ephrinA3-Fc, including an increase in the number of processes and an increase in the length of preexisting processes, resulting in a net increase in total process length (Fig.  4 A, B) . No process outgrowth was seen when PI-PLC was added at room temperature (Fig. 4 B) , although ephrinA3-Fc was fully effective at room temperature (Fig.  3 D, E) .
To determine whether PI-PLC treatment caused activation of EphARs, we assayed the phosphorylation state of EphA4Rs in hippocampal slice cultures using the procedures described by Murai et al. (2003) . After immunoprecipitation of EphA4Rs, we detected an increase in the labeling with an anti-phosphotyrosine antibody after application of PI-PLC at 37°C but not at room temperature. The degree of activation was comparable with that produced by ephrinA3-Fc application (Fig. 4C) .
We conclude that endogenous ephrinAs are capable of activating EphARs and inducing morphological changes in astrocytic processes.
Astrocytes express Eph receptors
Many ephrins and EphRs are expressed at high levels in the hippocampus (Liebl et al., 2003; Wang et al., 2003) , but little is known about EphR expression in glial cells. We therefore used PCR with a battery of EphR primers (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material) to test for glial expression. To study the expression of ephrins and their receptors in astrocytes in situ, we used acutely dissociated astrocytes from the str. radiatum of the rat hippocampus, an area of the hippocampus that is enriched in astrocytes and has few neuronal cell bodies. Acutely dissociated astrocytes display electrophysiological and morphological characteristics that closely resemble those found in acute hippocampal slices (Zhou and Kimelberg, 2001) . mRNAs for multiple EphRs were detected in the acutely isolated cells, including multiple EphARs that can mediate the effects of the ephrinA3-Fc construct (Fig. 5A) . To verify the cellular origin of these mRNA transcripts, we used Sytox-green, a highaffinity nucleic acid marker, and an anti-GFAP antibody to stain dissociated cells. We found that 134 of 174 cells were positively labeled with both Sytox-green and the anti-GFAP antibody (four coverslips), suggesting that the mRNA transcripts detected originated primarily from astrocytes. We also examined EphR expression in GFAP-immunoreactive primary glial cell cultures from neocortical tissue. We detected mRNAs for several EphARs (supplemental Fig. 1C , available at www.jneurosci.org as supple- . Time of image capture indicated in minutes relative to the addition of ephrinA3-Fc (7.6 g/ml). Scale bar, 4 m. C, Time-lapse image sequences of filopodia in a GFP-transfected astrocyte treated with the ephrinB1-Fc construct. Time of image capture is indicated in minutes relative to the addition of ephrinB1-Fc (7.6 g/ml). Scale bar, 4 m. No changes in filopodia were apparent. D, Plot of the time course of the change in total process length, normalized to the mean length during the baseline period, after addition of 7.6 g/ml ephrinA3-Fc (black; n ϭ 6 cells) or control saline as a vehicle control (gray; n ϭ 6 cells). Each line represents the values for one cell, normalized to its own mean pre-ephrin value. Significant difference is indicated at times Ͼ15 min after application of ephrinA3-Fc ( p Ͻ 0.05; Friedman's ANOVA). E, Summary of ephrinA3-Fc (n ϭ 6 cells) and ephrinB1-Fc (n ϭ 4 cells), and ephrinB2-Fc (n ϭ 10 cells) effects on the number of filopodial per 30 m of astrocytic process, the length of pre-existing filopodia, the total process length, and the average length of astrocytic filopodia. Each cell was normalized to its own mean value during the 30 min baseline period. **p Ͻ 0.01; *p Ͻ 0.05; ANOVA. Only ephrinA3-Fc promoted filopodial outgrowth and extension. mental material). Our results corroborate previous single-cell PCR data demonstrating that astrocytes in str. radiatum express transcripts for the EphA4R (Murai et al., 2003) .
We next used immunocytochemistry to determine whether astrocytes express EphA4Rs. Hippocampal slice cultures were prepared from transgenic mice expressing GFP under the control of the S100B promoter (Zuo et al., 2004) . S100B is a common marker for glia in a number of brain areas, including hippocampus and cerebral cortex. GFP-expressing cells in these cultures were morphologically similar to biolistically transfected rat astrocytes (0.52 Ϯ 0.37 filopodia/m process length; n ϭ 46 processes; five cells) and were responsive to treatment with ephrins. After the application of ephrinA3-Fc, the total process length increased significantly over baseline (38 Ϯ 5%; p Ͼ 0.01; n ϭ 8 cells) (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). After 2 weeks in vitro, the cultures were fixed and stained with an anti-EphA4 antibody. Filopodial processes of the GFP-expressing astrocytes were labeled with the EphA4 antibody, confirming both the PCR data and the recent observations of Tremblay et al. (2007) . Similar results were obtained with cultured cortical astrocytes. We found that 87% of cells were labeled with the anti-EphA4R antibody (55 of 63; five coverslips) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). These results suggest that ephrinAs might induce changes in astrocytic morphology through a direct action at glial EphARs.
EphrinA acts directly on glial cell EphARs
There are two possible sites of action for ephrinAs in the control of astrocyte morphology: directly on glial EphARs or indirectly via neuronal EphARs. The results above demonstrate that astrocytes themselves express several EphARs. EphrinAs might thus act directly by activating astrocytic EphARs and inducing a change in morphology. Alternatively, Murai et al. (2003) have Figure 4 . Release of endogenous ephrinAs also promotes filopodia growth. A, Images of an astrocytic process 10 min before and 30 min after addition of PI-PLC at 37°C to cleave GPIanchored endogenous ephrinAs. Note the increase in process number in this example. Scale bar, 4 m. B, Summary of PI-PLC effects on the normalized number of filopodia per 25 m of astrocytic process, the length of pre-existing filopodia, the total process length, and the average length of astrocytic filopodia at 37°C (n ϭ 4 cells) and 22°C (n ϭ 4 cells) (**p Ͻ 0.01; *p Ͻ 0.05; ANOVA). C, EphA4Rs were immunoprecipitated from rat hippocampal slice cultures, and their level of activation was assayed by probing with an anti-phosphotyrosine antibody (top row). Increased phosphotyrosine labeling was seen after application of ephrinA3-Fc and after application of PI-PLC at 37°C but not at 22°C (bands Ϸ 98 kDa). The membranes were stripped and reprobed with the anti-EphA4R antibody to control for loading (bottom row). demonstrated that EphA4Rs are localized on dendritic spines and that their activation causes them to shrink. The extension of astrocytic processes in this case could therefore represent an expansion of astrocytic volume to compensate for the reduction in neuronal volume in the synapse. It is also possible that activation of neuronal EphARs causes them to secrete some unknown factor that induces the outgrowth of astrocytic processes indirectly.
To distinguish these hypotheses, we coexpressed cDNAs for GFP and a kinase-dead EphA4R construct in astrocytes (Fig. 6 A) . The kinase-dead EphA4R multimerizes with endogenous EphA4Rs and thereby acts in a dominant-negative manner (Murai et al., 2003) . We then visualized the morphology of GFPexpressing transfected astrocytes in organotypic hippocampal slice cultures 48 h after transfection. Filopodia were significantly longer than in astrocytes transfected with GFP alone (mean, 6.73 Ϯ 0.38 m; range, 2.4 -15.1 m; n ϭ 91 filopodia; five cells; p Ͻ 0.05, t test). These filopodia displayed normal constitutive morphing in control saline. Unlike astrocytes transfected with GFP alone, however, application of ephrinA3-Fc produced no significant change in the number (mean, 0.47 Ϯ 0.05 per m process length; five cells) or length of astrocytic processes compared with controls. (Fig. 6 B) . We next asked whether PI-PLCinduced outgrowth of filopodia from astrocytes was mediated by EphARs by applying PI-PLC at 37°C to astrocytes expressing both GFP and the kinase-dead EphA4R (Fig. 6 A) . Application of PI-PLC in this case induced no significant increase in filopodial processes, suggesting that direct EphAR activation is required for mediating this effect (Fig. 6 B) . The actions of PI-PLC must therefore be induced by release of ephrinAs, rather than some other GPIanchored proteins. We conclude that ephrinA3-Fc application induces morphological changes in astrocytes by stimulating glial EphA4Rs directly.
EphrinA modulation of glial glutamate release
The synapse is ensheathed by astrocytic processes, and astrocytes exert numerous influences over the function of presynaptic and postsynaptic neuronal elements of the synapse. For example, astrocytes release glutamate spontaneously, which activates extrasynaptic NMDA receptors to produce spontaneous SICs in neurons (Fellin et al., 2004) . We therefore asked whether the morphological effects of ephrinAs on glial cells were accompanied by electrophysiological changes in glial-neuronal interactions by testing the effects of EphAR activation on SICs in CA1 pyramidal cells.
We first compared SICs in slice cultures with reported properties of SICs in ex vivo hippocampal slices. SICs are NMDARdependent currents that contain no fast AMPA receptor (AMPAR)-mediated component and are not abolished by blocking neuronal transmitter release with TTX or tetanus toxin (Angulo et al., 2004; Fellin et al., 2004) . The release of glutamate from astrocytes is mediated by the elevation of intracellular calcium in astrocytes (Parri et al., 2001) and can be promoted by activation of astrocytic mGluR5 type metabotropic glutamate receptors with the selective agonist (S)-3,5-dihydroxyphenylglycine (DHPG) (D'Ascenzo et al., 2007) . Whole-cell voltage-clamp recordings were made from CA1 pyramidal cells in organotypic hippocampal slice cultures. Cultures were bathed in Mg 2ϩ -free saline containing the following: bicuculline (40 M), CGP52432 (2 M), TTX (1 M), and DNQX (20 M) to block GABA A Rs, GABA B Rs, action potentials, and AMPARs. As in acute hippocampal slices (Fellin et al., 2004; D'Ascenzo et al., 2007) , DHPG-evoked SICs in organotypic hippocampal slice cultures occurred at low frequency (1.3 Ϯ 0.3 SICs/min; n ϭ 190 events), had a slow rise time (91.5 Ϯ 3.3 ms), prolonged decay times (476.0 Ϯ 21.7 ms), and relatively large amplitudes (Ϫ93.6 Ϯ 3.4 pA) (supplemental Fig. 1 F-H , available at www.jneurosci.org as supplemental material). SICs in hippocampal slice cultures were mostly eliminated by application of 40 M D-AP-5 (n ϭ 4 cells; p Ͼ 0.05, t test) (supplemental Fig.  2 D, available at www.jneurosci.org as supplemental material), as in ex vivo slices.
We then asked whether the application of ephrinA3-Fc would affect the number of SICs recorded from CA1 pyramidal neurons in response to stimulation with 3 M DHPG. After recording SICs for a 10 min baseline period, ephrinA3-Fc was bath-applied at 7.6 g/ml, as in the experiments above, and SICs were recorded for 50 min (n ϭ 6). After the application of ephrinA3-Fc, the Figure 6 . EphrinA3-Fc-and PI-PLC-induced outgrowth is blocked in astrocytes expressing a dominant-negative EphAR. A, Images of filopodial processes 5 min before and 45 min after addition of ephrinA3-Fc (left column, 7.6 g/ml) or PI-PLC (right column) at 37°C in astrocytes transfected with a dominant-negative kinase-dead EphA4 construct. Scale bar, 5 m. B, Summary of the effects of addition of the ephrinA3-Fc construct or PI-PLC on the normalized number of filopodia per 25 m of astrocytic process, the length of pre-existing filopodia, the total process length, and the average length of astrocytic filopodia, measured 30 min after addition of the ephrinA3-Fc construct and normalized to mean pre-ephrin values. All values are not significantly different (ANOVA).
frequency of SICs was decreased significantly (Fig. 7 A, B) . In contrast, SIC frequency was not changed significantly during 1 h of recording in cells maintained in control saline or in cells exposed to a control Fc construct (Fig. 7 B, C) .
Glia also express high levels of the glutamate transporter excitatory amino acid transporter 2 (or GLT-1) and thus play an important role in preventing glutamate from spreading from its site of release to adjacent synapses (Tanaka et al., 1997; Huang and Bergles, 2004) . Does the ephrinA-induced decrease in SIC frequency reflect decreased neuronal sensitivity to astrocyte glutamate or decreased astrocyte glutamate release? To distinguish these possibilities, we first recorded NMDA receptor-mediated EPSCs from CA1 cells in response to stimulation of Schaffer collateral afferents. NMDAEPSCs were recorded with cells voltage clamped at Ϫ50 mV in the presence of DNQX before and after the application of ephrinA3-Fc (Fig. 8 A) . Application of ephrinA3-Fc for 50 min had no effect on either the amplitude or decay time constant of these isolated NMDAR-mediated synaptic currents (n ϭ 7) (Fig. 8 B) . We conclude that ephrinAs do not affect the sensitivity of synaptic NMDARs in CA1 neurons.
Unlike conventional synaptic currents, glutamate released by astrocytes acts primarily on extrasynaptic NMDARs (Fellin et al., 2004) . We therefore tested the effect of ephrinA3-Fc on extrasynaptic NMDARs by using microphotolysis of caged glutamate (Bagal et al., 2005) to evoke NMDAR-dependent responses. To activate primarily extrasynaptic NMDARs, the UV light was targeted to dendritic shaft sites that were Ͼ1 m away from any dendritic spines (Fig. 8 B) . The resulting photolysis-evoked responses (phEPSCs) had amplitudes and kinetics that were similar to synaptic EPSCs and SICs (Fig. 8 A) . Application of ephrinA3-Fc had no effect on phEPSC amplitude or decay time constant (n ϭ 5) (Fig. 8C) . We therefore conclude that the ephrinA3-Fc-induced decrease in SIC frequency is not attributable to a decrease in neuronal sensitivity to glutamate, but rather must be a result of decreased astrocytic release of glutamate.
EphrinAs modulate spontaneous intracellular [Ca 2؉ ] oscillations in astrocytes
How might activation of glial EphARs decrease spontaneous glutamate release? Spontaneous oscillations in the concentration of intracellular Ca 2ϩ in astrocytes have been studied extensively and have been implicated in both morphological and physiological changes in astrocytes (Montana et al., 2006) , including spontaneous glutamate release (Fiacco and McCarthy, 2006 ) and the generation of SICs (D'Ascenzo et al., 2007) . Spontaneous astrocytic Ca 2ϩ oscillations can occur independently of neuronal activation, but their kinetics can be modulated by various substances (Bowser and Khakh, 2007) .
To test the effect of ephrinAs on spontaneous astrocyte calcium oscillations, we loaded primary mouse hippocampal neuron-glia cocultures (7 DIV) with the membrane permeable fluorescent calcium indicator fluo-4 AM (2 M) and applied 6 M DHPG to mimic the conditions of the experiments above. Oscillations of fluo-4 emission of 40 -80% (⌬F/F ) were readily apparent at ϳ3 Hz and were loosely coupled between nearby cells (n ϭ 71; four coverslips) (Fig. 9 A, B) . Application of ephrinA3-Fc produced a large decrease in the frequency of the spontaneous [Ca 2ϩ ] oscillations (n ϭ 84 cells; four coverslips) and a modest decrease in the duration of individual Ca 2ϩ transients (control, 3.77 Ϯ 1.09 s/event; ephrinA3-Fc, 4.14 Ϯ 0.97 s/event; n ϭ 945 events; 20 cells) (Fig. 9 A, B) , without significantly affecting their Figure 7 . EphrinA inhibits glial release of glutamate. A, DHPG-evoked SICs in a CA1 pyramidal cell before and 15 min after application of ephrinA3-Fc (7.6 g/ml), recorded under whole-cell voltage clamp (Ϫ50 mV) in the presence of Mg 2ϩ -free saline containing DNQX (40 M), TTX (1 M), bicuculline methobromide (40 M), CGP52432 (2 M), and DHPG (3 M). B, Cumulative probability plots of all intervals between SICs during the 10 min control period and for the time from 15 to 50 min after application of a control Fc-construct (left graph; 5 cells); after addition of 7.6 g/ml ephrinA3-Fc (right graph; 7 cells); and without addition of any construct (middle graph; 5 cells). C, Mean interevent intervals for astrocytes in B are plotted for control saline, control-Fc, and ephrinA3-Fc. Only ephrinA3-Fc produced a significant change in the distribution (7 of 7 cells; Komolgorov-Smirnov test; *p Ͻ 0.05).
amplitude (Fig. 9C) . In contrast, no change in spontaneous [Ca 2ϩ ] oscillation frequency was seen after the application of a control Fc construct (Fig. 9B) . We conclude that ephrinAs can affect spontaneous oscillations in astrocytic intracellular [Ca 2ϩ ] and suggest that this action may account for their ability to inhibit spontaneous glutamate release.
Discussion
Ongoing morphological changes in astrocytic processes have been reported recently (Hirrlinger et al., 2004; Benediktsson et al., 2005) , a finding that we confirm. We have demonstrated that astrocytes in rat hippocampal slice cultures respond to activation of their EphARs by increasing the length and number of their fine filopodial processes. Our results reveal that dynamic changes in astrocytic morphology can also be regulated by changes in EphAR activation. In conjunction, we also found that ephrins also regulate functional astrocyte-neuron communication by inhibiting intracellular [Ca 2ϩ ] oscillations in astrocytes and their release of glutamate.
It is noteworthy that both the induction of astrocyte process outgrowth and the increase in EphA4R phosphorylation produced by ephrinA3-Fc application were mimicked by releasing endogenous ephrinAs with enzymatic cleavage of their GPI anchors. The actions of both the exogenous and endogenous ligands were dependent on activation of glial EphARs. EphRs bind monomeric ephrin ligands with high affinity (Davis et al., 1994) . Formation of these ligand-receptor heterodimers precedes the assembly of tetrameric complexes via lower affinity binding sites (Davis et al., 1994) . Our results demonstrate that endogenous ephrins can activate EphAR signaling in astrocytes in the absence of cell-cell contact, perhaps because multimerization of the ligandreceptor complexes occurs after the binding of ligand monomers released by PI-PLC with their receptors (Stein et al., 1998) . These data represent the first description, to our knowledge, of a noncell contact-mediated effect of endogenous ephrins.
There is now strong evidence that adult astrocytes in situ and in culture express several Eph receptors. We used PCR and a battery of EphR primers to demonstrate that glial cells, both acutely isolated from adult rat hippocampus and cultured from mouse embryos, express multiple EphR transcripts. Differences in the size of some PCR products suggests the differential expression of EphR splice variants in the two types of glial cells. These data thus confirm the observation of EphA4R in astrocytes in the str. radiatum of the mouse hippocampus obtained with single-cell PCR (Murai et al., 2003) . Expression of numerous EphR mRNAs at low levels in glial cells of the str. radiatum of the mouse hippocampus is also apparent in the high resolution in situ hybridization data compiled by the Allen Brain Institute (Lein et al., 2007) . Our immunocytochemical observations and recent electron microscopy data (Tremblay et al., 2007) demonstrate that EphA4Rs are present on fine filopodial processes of hippocampal astrocytes. We conclude that these astrocytic EphARs mediate the effects of endogenous and exogenous ephrinAs on process outgrowth, because ephrinAs exert no effects on glia cells transfected with a dominant-negative kinase-dead EphA4R construct. There is clear evidence for the existence of EphA4Rs on dendritic spines (Murai et al., 2003) . It is possible that changes in astro- Figure 8 . EphrinA does not affect neuronal NMDAR sensitivity. A, Representative NMDAR-mediated responses are shown before and 50 min after the application of ephrinA3-Fc (7.6 g/ml). Responses were elicited with Schaffer collateral stimulation (top traces) in control saline with the cell voltage clamped at Ϫ50 mV or with photolysis of caged glutamate at extrasynaptic dendritic sites (bottom traces) in Mg 2ϩ -free saline with the cell voltage clamped at Ϫ70 mV. All salines contained DNQX (40 M), bicuculline methobromide (40 M), and CGP52432 (2 M). B, Images of dye-filled CA1 cell dendrites used for uncaging experiments at high and low magnification. Scale bar, 4 m. The UV spot used for uncaging was targeted to dendritic shaft sites at distances of Ͼ1 m from the base of dendritic spines to ensure that primarily extrasynaptic NMDARs were stimulated. C, Summary graphs indicating that application of ephrinA3-Fc had no effect on the amplitude or decay time of NMDA receptormediated currents elicited with either synaptic stimulation or photolysis of caged glutamate at extrasynaptic sites.
cyte morphology may also occur indirectly through activation of dendritic spine EphARs, resulting in changes in spine morphology (Haber et al., 2006; Nishida and Okabe, 2007) and secondary remodeling of astrocyte processes.
Synapse wrapping
Differential activation of EphA and EphB receptors by ephrins represents a key axonal guidance cue in the formation of the retinotopic map in the superior colliculus (O'Leary and McLaughlin, 2005) . EphARs are also critical in establishing topographically organized hippocampal-septal projections (Yue et al., 2002) . There is considerable evidence that activation of EphB receptors regulates the structure and function of excitatory synapses in the hippocampus (Dalva et al., 2000; Grunwald et al., 2001; Penzes et al., 2003) . The present findings, together with those of Murai et al. (2003) , indicate that another important function of ephrin signaling is the dynamic regulation of synaptic microstructure. Synaptic contacts between presynaptic nerve terminals and postsynaptic dendritic spines are ensheathed by fine astrocytic processes. Activation of EphARs thus causes the coordinated retraction of dendritic spines and extension of astrocytic filopodia. The time course of these events appears roughly similar, beginning within minutes of ephrin application. The opposing direction of the change in process length suggests that EphARs in the two cell types are coupled to different downstream signaling cascades, which induce different rearrangements of the cytoskeleton. Retraction of dendritic spines, under other conditions, is correlated with a decrease in the frequency of miniature AMPAR-mediated synaptic currents (Tyler and Pozzo-Miller, 2003) , suggesting an important functional consequence of neuronal EphAR-mediated spine retraction.
Glia express ephrinA3 (Murai et al., 2003) and could therefore be the source of the ephrinAs activating neuronal EphARs. Neither the source nor the endogenous ligand activating astrocytic EphARs in situ is known, although many ephrinA ligands are expressed in the hippocampus (Taguchi et al., 1980; Murai et al., 2003) . Physical contact between glia and neuronal dendrites during synaptogenesis has recently been shown to affect the dynamics and maturation of developing dendritic spines (Nishida and Okabe, 2007) . It would be of interest to determine whether ephrins play any role in this event. There is also emerging evidence that both ephrinA and EphAR expression is increased after various CNS injuries (Willson et al., 2002; Sobel, 2005) . EphrinA-EphAR signaling may therefore be important in the activation and mobilization of astrocytes after injury.
Biochemical consequences of EphAR activation
Although EphARs are expressed at high levels in adult hippocampus, they display little or no evidence of constitutive activation (Murai et al., 2003) , suggesting that the EphAR may play a role in time-specific morphological changes that occur during activitydependent forms of plasticity requiring rapid restructuring of the [Ca 2ϩ ] oscillations shown at right before and 30 min after application of ephrinA3-Fc (7.6 g/ml). Scale bar, 10 m. B, Normalized frequency of intracellular [Ca 2ϩ ] oscillations in astrocytes at various times after treatment with ephrinA3-Fc (circles; n ϭ 84 cells) or control Fc (squares; n ϭ 71 cells). Significant difference is indicated at times after 10 min ( p Ͻ 0.05, Friedman's ANOVA). C, We observed no significant difference in the amplitude of Ca 2ϩ oscillations in astrocytes treated with either ephrinA3-Fc or Fc-controls, compared with their starting amplitude (Friedman's ANOVA, p Ͼ 0.05).
actin cytoskeleton, such as long-term potentiation. A number of interesting possibilities exist for explaining the downstream cascade leading to changes in astrocyte morphology. Numerous studies have shown that EphRs trigger cytoskeletal changes via stimulation of guanine nucleotide exchange factors, such as ephexin (Shamah et al., 2001) , for the small GTPases. Rho GTPase, for example, is involved in regulating the organization and assembly of the actin cytoskeleton in astrocytes (Hall, 1998; Bonhoeffer and Yuste, 2002) . Our results suggest that the inhibition of spontaneous glutamate release from glia by ephrinAs is mediated by a decrease in the frequency, and increase in the duration, of spontaneous calcium oscillations in glia. A recent study by Bowser and Khakh (2007) may suggest how ephrinA-induced changes in Ca 2ϩ -transient duration may also contribute to the decrease in SIC frequency. Changes in the duration of intracellular Ca 2ϩ transients may affect the mode of vesicle exocytosis from the astrocyte (full vesicle fusion vs kiss-and-run). It should be noted, however, that Fiacco et al. (2007) have suggested recently that Ca 2ϩ elevation is not obligatorily coupled to astrocytic glutamate release. Nevertheless, it will be of considerable interest to determine the biochemical pathway mediating these effects, because ephrinA modulation of spontaneous calcium oscillations may mediate multiple effects on astrocyte-neuron crosstalk (Perea and Araque, 2007) . For example, glial release of ATP (Pascual et al., 2005) , an important regulator of astrocyte calcium wave propagation (Guthrie et al., 1999) , may also be affected by EphAR activation.
Functional consequences
One important role of astrocytes at the synapse is to limit the spillover of glutamate. EphAR activation produced no detectable change in the decay rate of NMDAR-mediated responses evoked with either synaptic stimulation or glutamate uncaging. These findings indicate that the promotion of glial process outgrowth does not affect monosynaptic NMDAR-mediated transmission. Nevertheless, the concomitant changes in astrocyte morphology and spontaneous glutamate release induced by ephrinA-EphAR signaling can be predicted to ultimately decrease crosstalk between synapses and thus limit the cooperative activation of NMDARs in adjacent synapses. Because glia also play an important role in the clearance of extracellular K ϩ away from regions of high activity or compromised metabolism, ephrinA-EphAR triggered alterations in synaptic wrapping may help to limit potentially excitotoxic levels of depolarization and transmitter release (Kofuji and Newman, 2004; Simard and Nedergaard, 2004) . Although the physiological conditions that promote ephrinAEphAR signaling in situ are not fully characterized, our observations and those of others (Murai et al., 2003) reveal that this signaling pathway has a unique ability to regulate the structure and function of all elements of the tripartite synapse in a coordinated manner.
